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Heat  and  mass  transfer  inside  a burning  cigarette  directly  inﬂuence  the level  and  chemical  composi-
tion  of  its  mainstream  and  sidestream  emissions.  During  a 2-s 35 mL model  pufﬁng  regime,  different
thermophysical  processes  occur  inside  the  burning  coal as  a  result  of  forced  air ﬂow,  including  rapid
temperature  rise up  to  900 ◦C and  a series  of  pyrolytic  or oxidative  reactions  leading  to the formation
of  smoke  aerosol.  Accurate  measurements  of transient  thermophysical  parameters  such  as  temperature,
pressure  and  gas  velocity  are  thus  an essential  step  towards  understanding  the  smoke  formation.  In this
study, we  have  developed  micro-sensors  that can  be accurately  inserted  at speciﬁc  locations  into  a 3R4F
research  reference  cigarette,  and  used  to follow  these  sensitive  and  highly  dynamic  responses  as  a  resultemperature
ressure
elocity
istribution
of the  pufﬁng  burn.  Both  temperature  and  pressure  responses  were  systematically  measured,  and  in  com-
bination  with  a computational  method  based  on  Darcy’s  Law,  we  obtained  the  gas  ﬂow velocity  of  the
burning  cigarette  puffed  under  a standard  machine-smoking  protocol.  These  quantitative  data  provide
unparalleled  insights  into  the  complex  thermochemical  processes  responsible  for smoke  formation  inside
a burning  cigarette.
©  2015  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND. Introduction
The main physicochemical processes responsible for smoke for-
ation inside a burning cigarette were systematically investigated
n the 1970s [1–3] and have been reviewed a number of times in
ecent years [4,5]. There is a need to update this knowledge because
odern cigarettes have evolved considerably since these early
tudies, both through adoption of new materials (e.g., expanded
obacco), and incorporation of new design features (e.g., lower igni-
ion propensity) as a result of regulation [1,2,6]. The main driver
ehind many of the complex thermophysical and thermochemical
rocesses inside a burning cigarette remains the same, i.e., a puff,
ither taken by a laboratory smoking machine under model con-
itions, or by a human smoker under real-world conditions. As a
esult of a puff being taken, the burning tip of a lit cigarette expe-
iences rapid air inﬂux, which leads to the occurrence of a range of
as-phase and solid-phase processes that have been the subject of
xtensive research [7,8].
For the above reasons, we have recently developed a micro-
rray thermocouple technique which measures the gas-phase
∗ Corresponding author. Tel.: +86 37167672338; fax: +86 37167672379.
E-mail address: lib@ztri.com.cn (B. Li).
ttp://dx.doi.org/10.1016/j.tca.2015.11.006
040-6031/© 2015 The Authors. Published by Elsevier B.V. This is an open access article unlicense (http://creativecommons.org/licenses/by-nc-nd/4.0/).
temperatures inside a burning cigarette during a puff [9–11], one of
the most important parameters governing combustion behaviour.
The measurements allowed us to model the transient temperature
distribution by an empirical distribution equation [9,11], which
reﬂected more closely the real effects of forced convective ﬂow
through the burning coal of a packed rod of cut tobacco. The
gas-phase temperature is linked to the internal gas viscosity and
pressure ﬁeld within the tobacco rod, and is therefore a key factor
controlling heat and mass transfer within a lit cigarette. Detailed
knowledge on these processes are essential to understand the com-
plex smoke formation processes [12,13]. To fully characterise the
thermophysics of a burning cigarette, it is necessary to examine the
gas ﬂow and pressure ﬁelds during both smouldering and pufﬁng
burn cycles. These thermophysical processes are not uncommon in,
for example, some industrial biomass conversion and combustion
processes, however, to measure these parameters accurately in a
cigarette, on a sub-millimetre scale with 0.1 s of time resolution,
presents unique experimental challenges.
In this study, we performed both experimental measurements
on internal temperature and pressure values, and deployed
computational treatments to derive internal gas ﬂow velocity
distributions during a typical bell-shaped 2-s puff of 35 mL  vol-
ume. Quantitative and systematic measurements of this nature
in a burning cigarette have not previously been reported in the
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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iterature to our knowledge. This work forms a part of the broader
esearch effort to map  the main thermophysical parameters
nside contemporary burning cigarettes smoked under a range of
egulatory relevant smoking conditions [9–11].
. Experimental
.1. Computational approach to calculate ﬂow velocity
Under a puff, the gas ﬂow direction inside a burning cigarette
s assumed to be perpendicular to the pressure contours and is
n the direction of lower pressure areas of the cigarette [14].
uantitatively, the volumetric ﬂow rate (Q, cm3 s−1) and pressure
ifferential (P, Pa) across a given length (L, cm)  can be further
ssumed to obey Darcy’s Law for Newtonian (viscous) ﬂow:
 = −1
ε
A
P
L
(1)
In which, A is the area through which the gas ﬂows (cm2), ε is
he impedance of the tobacco rod at the ambient temperature (Pa,
 cm−2).
The impedance of a porous body to gas ﬂow (u, cm s−1) is directly
roportional to the viscosity (, Pa s) of the gas ﬂowing through the
ody, and the proportionality factor is termed as permeability, k,
ts unit is Darcy or millidarcy (md) which is a measure of a porous
edia (i.e., tobacco rod) ability to transmit a ﬂuid, such as a heated
erosol stream:
 = − k

∇P (2)
 = Q
A
(3)
1
ε
= k

,  = kε (4)
It is often further assumed that the structure of the tobacco rod
oes not change signiﬁcantly with temperature—this is not entirely
ccurate, as the burning tip experiences a range of temperatures
nd hence the tobacco particles within are subject to a range of
hermal degradation conditions. The extent of structural change is
owever small, especially for the bulk of the burning tip where the
urning temperature is below ca. 500 ◦C [11] hence ε is a function
f  only.
For a horizontally positioned tobacco rod where the ﬂow pro-
eeds within its interior, the ﬂow may  be assumed to be rotationally
ymmetrical during a puff.
Hence for a given cross section of the tobacco rod (with its light-
ng end on the left, and ﬂow proceeding to the right), the gas ﬂow
elocity vector in the axial direction, is represented by uz (cm s−1)
t temperature T (K),
z = − k

∂P
∂z
(5)
At any location within a cross section, the velocity can be further
escribed by
r = − k
∂P
∂r
(6)
 = −
1
r
k

∂P = 0 (7)
∂
In which the direction of r,  and z are shown in the Fig. 1.
For a given gas, its viscosity () is an inherent property, which
ncreases signiﬁcantly with temperature and less so with pressure.Fig. 1. A schematic of tobacco rod and its axial deﬁnition.
When T < 2000 K, the viscosity of a gas can be calculated by the
Sutherland Law:
 = 0
(
T/T0
)3/2 ( T + B
T0 + B
)
(8)
In which T0, 0 are reference temperature and corresponding
viscosity (for example, at an ambient condition). B is a constant
depending on the variety of gases within the mixture: B = 110.4 K
for air. For a burning cigarette, the temperature (T) ﬁeld during a
puff has been determined previously [11]; with the pressure ﬁeld
determined experimentally from this study, the gas ﬂow velocity
ﬁeld can thus be calculated.
2.2. Experimental procedures for pressure measurement
Experimentally, pressure measurements at a speciﬁc location
within the burning coal were conducted by inserting up to 6 ﬁne
quartz sample probes (0.25 mm inner diameter and 1.4 m wall
thickness) at speciﬁed locations. The pressure sensors have a pres-
sure range between −2048 and + 2048 Pa (±5%) and the pressure
was sampled with an analogue-to-digital converter (24 bit) with up
to 24 Hz sample rate (Anhui Precision Optical Instrument, China).
The insertion for both thermocouples and pressure sensors fol-
lowed the same procedure as that used for inserting thermocouples
for temperature measurements [9–11]. The positioning was  based
on a software-controlled x–y sample stage and has an accuracy of
0.1 mm.  The location readings started at 23 mm  from the lighting
end of the cigarette, schematically shown as the grids in Fig. 2.
The horizontal distance between the grids was 3 mm apart. For
the axial insertion on a cross section, 9 equally spaced grids were
made at 0.97 mm apart. Due to axial symmetry of the tobacco rod,
only half of the positions were measured. The data sampling rate
was 10 Hz at each location for both the pressure and temperature
measurements. Note that the positions used to measure pressure
covered a similar coal surface area as those used in measuring gas-
phase temperature [11], with a number of overlapping positions as
the reference temperature points; this allows the calculations as
deﬁned by Eqs. (1)–(8) to be conducted.
To estimate an unmeasured pressure value within the pressure
ﬁeld a cubic spline interpolation was  numerically performed, which
is based on Taylor expansion:
∂P(x)
∂x
= P(x + h) − P(x − h)
2h
− h
2
6
P ′′′(x) + O(h3);
∂P(x)
∂x
≈ P(x + h) − P(x − h)
2h
;
x = r, z;
(9)
In which h = 0.14, which is the minimum step after the interpo-
lation, O(h3) is the truncation error. Cubic spline interpolation was
also used to interpolate ﬂow velocity between experimental data
points along a direction. In this way, 2-D velocity distribution maps
were constructed to visualise the transient ﬂow caused by a puff.
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Fig. 2. Cross-sectional grids used for pressure (+) and temperature (o) measurements. Approximate paper burn line is marked with blue dashed line. Locations A to F are
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larker  positions (see Fig. 4).
.3. Test sample preparation
The Kentucky Research Reference cigarette 3R4F was  also used
n this study (http://www2.ca.uky.edu/refcig). A single batch of the
est cigarettes was conditioned at 22 ◦C and 60% Relative Humidity
or at least 48 h to achieve stable moisture contents according to
SO Standard 3402 [15]. Subsequently, conditioned cigarettes were
eight selected to 1060 mg  ± 20 mg  and also pressure drop selected
o 1308 Pa ± 49 Pa.
. Results and discussion
.1. Pressure and velocity proﬁles along axial direction
Six marker locations within the rod were selected in Fig. 2
marked as A–F) to illustrate either temperature and/or pressure
ensor responses as a function of puff time. In Fig. 3a, the puff-
ng volumetric ﬂow is shown as produced by a calibrated smoking
achine to the mouth-end of the lit cigarette through a controlled
iston movement. Because 3R4F cigarettes have ca. 30% air venti-
ation introduced by small holes in the cigarette ﬁlter, only about
0% of the total air ﬂow is pulled through the tobacco rod [7]; with
he remaining 30% pulled into the ﬁlter through the ventilation
ones
For the thermocouple positioned along the three central axis
oints, A, B and D, their temperature readings prior to the start of
he puff were in the order of A > B > D, in apparent agreement with
he fact that points A and B resided in the combustion zone and
oint D in the pyrolysis zone. As a result of this puff, the measured
emperature at four locations A, B, C and D were either unchanged
r increased to different extents (Fig. 3b for temperature and
ig. 3c for the rate of temperature change, respectively). Point C
s close to the peripheral surface ahead of the paper line, and as a
onsequence it did not experience any signiﬁcant temperature or
eating rate change. The most signiﬁcant temperature change was
ound at Point D, reaching a maximum heating rate of ca. 210 K s−1,
hich is located within the centre of the coal and downstream from
he paper burn line. Most of the temperature changes corresponded
ith the 2-s duration of the puff, although the increased temper-
ture did not drop back at the end of the 2-s puff. In contrast, the
ressure responded more sharply for these locations (Fig. 3d) and
hey also returned almost back to the starting point (∼0 Pa) at the
nd of the puff.
With the experimental values on temperature and pressure, the
inear velocities along the axial direction for these locations could
e calculated. The results are plotted in Fig. 4; to illustrate the dif-
erences caused by pufﬁng of the lit cigarette, velocities at the same
ocation for an unlit but otherwise identical cigarette were alsoplotted. For all the positions shown, the bell-shaped puff induced
similarly shaped linear velocity proﬁles, lasting approximately 2-s
duration.
Responses from Positions A, B and D can be compared to visu-
alise the effects of central axial position on linear velocity. As the
results shown, Positions A and B are on the left side (ahead of) the
paper burn line, hence enter the coal earlier than Position D, which
is on the right side (behind) of the paper burn line. For Position A,
heating during the puff signiﬁcantly reduced the gas velocity going
through this location. Position B had almost identical ﬂow velocity
irrespective of the unlit or lit burn situation. Position D showed the
opposite ﬂow velocity picture compared to that found at Position A.
For the two  positions located at the cigarette coal surface, Position
F is much closer to the paper burn line than position C, however,
pufﬁng caused a much greater increase in velocity at Position F.
Comparing Position A against E, one can see that being further away
from the central axis (F) increased ﬂow response as a result of the
puff. The peak ﬂow rates were in the order of F > D > B > C > E > A.
For Positions B, D and F, the heated velocity proﬁles peaked around
1 s into the puff and lasted to about 3 s, longer than the 2-s puff.
It is clear that the different ﬂow velocity proﬁles observed were
caused by the combined effects of pufﬁng ﬂow with the localised
temperature and pressure responses.
3.2. Peripheral gas ﬂow around paper burn line—further
observations
The ﬂow velocity from the two surface locations (C and F) clearly
showed the distance to the paper burn line plays an important role
in determining the gas ﬂow: the closer to the paper burn line (F), the
higher the ﬂow velocity during a puff. Cigarette paper, in its degree
of charring, inﬂuenced the location and the magnitude of the ﬂow
at this sensitive surface region. Fig. 5 serves to further illustrate the
temperatures and gas velocities close to the paper char line.
In Fig. 5a, the surface temperature at a time 1 s into the puff
is plotted against the axial length: the approximate paper burn
line position is around 20 mm.  Fig. 5a and c show that the maxi-
mum surface temperature occurred at about 350 ◦C, ahead of (left
side) the paper burn line. In the zone 20 mm ahead of the paper
burn line (right-hand side), the cigarette paper was heated to tem-
peratures between 50 and 300 ◦C; its gas permeability increased
almost exponentially with the temperature [16,17]. Interestingly
the correspondingly calculated radial gas velocity at 1 s into the puff
(Fig. 5b) showed that the peak velocity occurred 1 ∼ 2 mm behind
(right side of) the paper burn line (calculated based on the pressure
difference across the paper). The axial ﬂow map  (Fig. 5d) showed
that the radial gas ﬂow merged with the axial ﬂow and resulted in
a high axial ﬂow region beneath the surface.
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tig. 3. The volumetric ﬂow of a 2-s 35 mL  bell-shaped puff (a); the corresponding 
ocations (c); and the gas pressure responses (d).
.3. Quantitative temperature, pressure and ﬂow velocity ﬁelds
ithin the burning coal
In Fig. 6, the two experimentally measured parameters (tem-
erature and pressure) and the two calculated parameters
temperature gradients and velocity) are plotted in 2-D contour
aps as a function of pufﬁng time. This is useful to visualise their
nter-dependence within the geometric conﬁne of the burning
oal.
When the coal was operating under natural smouldering condi-
ions, its internal temperature and pressure ﬁelds (Fig. 6: 0.0 s) were
ear equilibrium and any detected temperature and pressure dif-
erences reﬂected the gradual thermal loss to the environment and
hermal propagation within the rod wrapped by the cigarette paper,
 phenomenon studied by Egerton et al. [18]. Hence, a relatively
niform pressure ﬁeld existed on the left side of the paper burn
ine due to the virtual absence of any pressure resistance from the
harred cigarette paper. In contrast, there was a gradual decrease of
he pressure on the right side of the paper burn line as the tobacco
od cooled rapidly. The radial velocity on the right-hand side of the
aper burn line was associated with the sidestream smoke escaping
rom the semi-charred paper of the cigarette [4].
0.5 s into the puff, the temperature ﬁeld on the right side of
he paper burn line did not seem to be affected by the pufﬁng.
he downstream pressure ﬁeld, on the other hand, was clearly dis-
urbed by the pufﬁng ﬂow: an elongated pressure path appeared
n the right-hand side of the paper burn line, with the centre of the
obacco rod having a greater resistance to gas ﬂow. The circular low
ressure region or layer appeared to be established and echoed by
he axial ﬂow velocity map  which channelled the air ﬂowed into
he rod—this agreed with earlier studies which established thathase temperature responses at the four locations (b); the heating rates at the four
the air ﬂow during a puff enters the cigarette mainly through the
semi-charred paper region [4,5]. The temperature gradient anal-
ysis showed two regions of greater temperature variation: these
neither showed visible connection with the temperature map, nor
the pressure or velocity map. It seemed that despite the major air
ﬂow path largely by-passing the coal region on the left side of the
paper burn line, this region did experience a small amount of air
ﬂow. This, combined with its higher temperature, led to it being
the ﬁrst region to experience an enhanced oxidation.
One second into the puff, the high temperature region had
expanded outwards, led by the two areas closest to the outer paper
burn line, i.e., those regions experiencing the highest temperature
gradients at 0.5 s. The pressure ﬁeld appeared to be less variable
than that at 0.5 s. The highest air ﬂow in the axial direction was still
located at the peripheral regions on the right side of the paper burn
line. The higher temperature and pressure continued to result in a
relatively lower ﬂow through the central pyrolysis region. The two
higher temperature gradient regions seen at 0.5 s joined together at
1.0 s and a cross-sectional temperature increase occurred approx-
imately at the paper burn line region.
As the puff passed its maximum ﬂow rate and started to decrease
(1.5 s), just before stopping completely (2.0 s), the highest gas
temperature region was established right in the centre of the burn-
ing coal. This mirrored a lower pressure region downstream (on
the right side of the paper burn line). The highest ﬂow velocity
remained to be found in the peripheral regions on the right side of
the paper burn line, but with a reduced rate and radial penetration
depth. A central column of higher velocity could be found moving
into the right side of the paper burn line. The highest temperature
gradient was  concentrated in the central region just on the right
side of the paper burn line.
26 B. Li et al. / Thermochimica Acta 623 (2016) 22–28
-1 0 1 2 3
0.00
0.04
0.08
0.12
0.16
A
Tim e/s
 Bur ning 
 Not bur ning
-1 0 1 2 3
0.00
0.05
0.10
0.15
0.20
0.25
0.30
 Bur ning 
 Not bur ning
B
Tim e/s
-1 0 1 2 3
-0.02
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14  Bur ning 
 Not bur ning
E
Tim e/s
-1 0 1 2 3
0.0
0.1
0.2
0.3
0.4
0.5
0.6
 Bur ning 
 Not bur ning
D
Tim e/s
-1 0 1 2 3
0.00
0.04
0.08
0.12
0.16
0.20
 Bur ning 
 Not bur ning
C
Tim e/s
-1 0 1 2 3
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
 Bur ning 
 Not bur ning
F
Tim e/s
F uff at
p er the 
ﬁ
a
c
i
t
a
o
b
4
o
wig. 4. The calculated gas velocity responses as a result of a 2-s bell-shaped 35 mL  p
uffed  under a speciﬁed ﬂow; “Not burning” refers to an unlit cigarette puffed und
These experimentally determined temperature and pressure
elds are useful to connect the different effects of air ﬂow, heat loss
nd generation and different material properties (degree of paper
harring, etc.). The calculated temperature gradient and axial veloc-
ty maps further build spatial understanding of their inﬂuence on
he gas ﬂow and the temperature increases. These measurements
nd insights will form the basis for future computational modelling
f the thermophysical and thermochemical processes within the
urning cigarette.
. DiscussionThe bulk of the burning coal was some 14 mm away from the
riginal unlit end and on the right side of the paper burn line (Fig. 2)
hen the cigarette was allowed to smoulder. Just prior to the puff, the six cross-sectional locations, A to F (cf. Fig. 2). “Burning” refers to a lit cigarette
same speciﬁed ﬂow.
a steady state could be assumed. For the purpose of this work, it is
assumed that any effect of the ash layer covering the burning coal
can be ignored and will not contribute signiﬁcantly to the pressure
drop across the main coal volume of the burning cigarette.
Highly regionalised responses in temperature and pressure as
a result of the puff are clearly identiﬁed by the individual sensors
(Figs. 3 and 4). They reveal the highly heterogeneous nature of the
pyrolysis and combustion reactions within the tobacco rod. The
direction of gas ﬂow through the coal, especially around the paper
burn line, is not in the axial direction; the major gas ﬂow during
the puff was initially more aligned to the radial direction, just in
front of the paper burn line (Fig. 5). The ﬂow direction becomes
axial when leaving the burning zone further downstream. As air
is drawn through the burning zone and through the rod, the axial
ﬂow dominates the smoke dilution, with any diffusion in and out of
B. Li et al. / Thermochimica Acta 623 (2016) 22–28 27
Fig. 5. Surface temperature (a) and the radial ﬂow velocity responses (b) at 1 s into the 2-s puff. Temperature map (c) and axial ﬂow velocity map  (d) at the cross section are
also  plotted.
F w velo
p lue).
t
e
o
c
b
a
cig. 6. A visual representation of the gas-phase temperature, pressure and axial ﬂo
arameter are not shown; approximate scale: High (red), Medium (yellow), Low (b
he unburnt cigarette paper largely driven by concentration gradi-
nt [7,19]. Nevertheless, the peripheral boundary phenomena were
bservable: both the position of gas inlet as separated by the fully
harred and semi-charred cigarette paper (divided by the paper
urn line—Fig. 5), but also the high gas viscosity along the central
xial region produced by the greater gas temperature [4].
Gas ﬂow through a porous bed like a tobacco rod has to over-
ome impedance due to both viscous and inertial forces. Thecity distribution maps as a function of pufﬁng time. Numeric magnitudes for each
impedances for radical ﬂow are slightly greater than for axial
ﬂow, however, for practical purposes the anisotropic nature of the
impedance is usually ignored [20]. For a tobacco rod at room tem-
perature, at an air ﬂow of 17.5 cm3 s−1 (the average ﬂow rate of the
35 mL  puff of 2-s duration), the inertial impedance accounts for 10
to 28% of the rod pressure drop for a wide range of tobacco parti-
cle sizes and packing densities. This impedance increases by up to
60% when the cigarette is lit; this is associated with the combustion
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[
[
[8 B. Li et al. / Thermochim
rocesses occurring in the coal rather than an inherent increase in
he impedance. Up to 80% of this increase arose from the tobacco
hermal decomposition that releases both gases (e.g., the forma-
ion of oxides of carbon [21]) and organic vapours, in addition to
ncreases in gas viscosity with temperature [2]. Thermal expansion
nd kinetic effects arising from the expansion of pufﬁng air dur-
ng its passage through the tobacco column contributes only up to
.2% of the total pressure drop, hence, can be neglected [14]. These
ifferent mechanistic factors are clearly responsible for the mea-
ured pressure ﬁeld patterns shown in Fig. 6. The calculated gas
ow velocity at 0.5 s, for example, showed two regions of a high
ow downstream from the paper burn line; around this region the
aper already experienced a temperature close to 150 ◦C, hence lost
ost of its resistance to gas ﬂow.
The combination of the localised temperature, vapour pressure,
ass and heat transfer (driven by the gas ﬂow velocity) of the dif-
erent source and product species are all important factors needed
o better understand the highly dynamic and localised chemical
eactions behind smoke toxicant formation [12,13].
. Conclusions
This paper describes an experimental approach for using micro-
ressure sensor arrays to obtain in situ the dynamic pressure
istributions within a burning cigarette. This approach was  com-
ined with a previously developed ﬁne thermocouple method for
emperature measurement using to allow unparalleled insights
nto the dynamic thermophysics within a puffed burning cigarette.
ased on previously established gas laws, and a set of reasonable
ssumptions, the axial gas ﬂow velocity within the burning coal was
alculated. A series of temperature, rate of temperature of change,
ressure and ﬂow velocity maps were constructed using the data
btained as a function of the pufﬁng time. The highly heterogeneous
istributions of the combustion temperature, pressure and ﬂow
elocity of the burning coal appeared to conform with localised heat
nd mass transfer processes. Understanding these complex inter-
ctions may  be helpful to explain the complex chemistry known for
ainstream smoke aerosol. The simultaneous detailed collection of
uantitative thermophysical parameters on a burning cigarette is
ovel and could be used to further understand the thermal con-
itions governing the complex chemical reactions responsible for
moke emissions from cigarettes.
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